1. L-Glutamate decarboxylase (EC 4.1.1.15) from Clostridiumperfringens was inactivated by exposure to visible light at pH6.2. 2. Inactivation does not occur at pH4.6 or in the absence of bound pyridoxal phosphate. 3. On prolonged photo-oxidation six histidine residues per molecule of enzyme were destroyed. 4. The loss of six cysteine residues per molecule occurred both in irradiated samples and in controls oxygenated in the dark. 5. This dark-oxidation of cysteine residues is apparently required before the photooxidation process. 6. The absorbance, fluorescence and circular-dichroism properties of the enzyme as well as its elution volume during Sephadex gel-filtration were unaffected by prolonged irradiation. 7. However, an apparently homogeneous product of photooxidation could be separated from the control enzyme by ion-exchange chromatography. 8. The Km for L-glutamate was unchanged in an irradiated sample retaining 22 % ofcontrol activity. 9. These data and the catalytic role of imidazole residues at the active sites of amino acid decarboxylases are discussed.
Pyridoxal phosphate bound to specific lysine residues was shown to sensitize the photo-oxidation of histidine residues present at the active site of 6-phosphogluconate dehydrogenase (Rippa & Pontremoli, 1969) and aldolase (Davis et al., 1970) . Thus the protein-bound pyridoxal phosphate was proposed as a specific photosensitizer of the amino acids at the binding site not only of enzymes originally bearing this chromophore, but also of those enzymes that are inhibited by binding with this compound. However, irradiation of pig heart aspartate aminotransferase at wavelengths corresponding to the absorbance maxima of the bound pyridoxal phosphate did not appreciably affect the catalytic activity and the spectral properties of this enzyme, whereas irradiation of the apoprotein in the presence of lumichrome caused irreversible loss of catalytic activity, owing to photo-oxidation of histidine residues (Burridge & Churchich, 1970) .
In view of these conflicting results, it was decided to test photosensitization by pyridoxal phosphate with another purified and characterized pyridoxal phosphate-enzyme, L-glutamate decarboxylase (Lglutamate 1-carboxy-lyase, EC 4.1.1.15) from Clostridium perfringens (Cozzani, 1970; Cozzani et al., 1970; Cozzani & Bagnoli, 1971) . Further, the demonstration that the active sites of bacterial amino acid decarboxylases contain histidine residues in close proximity to the chromophore would deserve Vol. 141 special interest because of its mechanistic and evolutionary implications (Strausbauch & Fischer, 1970; Boeker & Snell, 1972) .
Since the binding site of the coenzyme appears to be of crucial importance for both structural and functional properties of the whole molecule of glutamate decarboxylase from Cl. perfringens Cozzani & Bagnoli, 1973) , we decided to investigate, in addition to the lightinduced modifications of catalytic activity and amino acid composition, some comparative spectroscopic and kinetic properties of the native and irradiated enzyme.
Experimental
Photo-oxidation ofglutamate decarboxylase This was performed by exposing enzyme solutions in 0.05M-sodium acetate buffer, pH6.2, containing about 2mg of protein/ml, to the light of four 300W tungsten bulbs, placed on either side of a water bath with Plexiglass walls (Benassi et al., 1967 (Jori et al., 1968) . Cysteine thiol groups were determined by selectively converting them into cysteic acid by Crystal Violet-sensitized photo-oxidation (Jori et al., 1969) . Tryptophan content was determined spectrophotometrically by the method of Bencze & Schmid (1957) . Glutamate decarboxylase activity This was measured as a routine by the manometric procedure described by Cozzani et al. (1970) . The Km for L-glutamate of a sample of glutamate decarboxylase submitted to prolonged photo-oxidation and of its control were determined by a sensitive spectrophotometric method previously reported (Cozzani, 1970) .
Materials
Apoenzyme-free glutamate decarboxylase was purified from Cl. perfringens as previously described Cozzani & Bagnoli, 1971) . Crystal Violet was a reagent-grade product of Fluka A.G., Basel, Switzerland. Other reagents and buffer salts were reagent-grade products.
Results

Photoinactivation of glutamate decarboxylase and destruction of histidine residues
Glutamate decarboxylase from Cl. perfringens undergoes progressive inactivation during irradiation with visible light, at pH6.2. However, the loss of catalytic activity does not follow first-order kinetics, as is usual for the photosensitized oxidation of amino acid residues (Spikes & Straight, 1967) . As shown in Fig. 1 , the glutamate decarboxylase activity is not appreciably affected by 30min irradiation with respect to the unirradiated control. During the next 90min the glutamate decarboxylase activity of the irradiated sample falls to about 30% of that of the control, and, after 6h photo-oxidation, over 20% ofthe enzyme activity is still recovered. The glutamate decarboxylase activity of the control preparation, oxygenated in the dark, does not significantly change throughout the whole experiment, but appreciable inactivation occurs early after dilution at pH6.2 of the stock enzyme solution stored at pH4.6, according to previous observations . The lag shown in Fig. 1 is abolished when a control preparation, oxygenated in the dark, is submitted to irradiation.
The inactivation observed in the above experimental conditions is dependent on the presence of bound pyridoxal phosphate, as shown by experiments of irradiation of the apoenzyme. Apo-(glutamate decarboxylase) was obtained from the pyridoxamine phosphate form of the enzyme, as described by Huntley & Metzler (1968) on dialysis at pH6.2. A sample of apoenzyme irradiated for 6h and a control preparation oxygenated in the dark recovered 67 and 65%, respectively, of the original activity of the holoenzyme, on reconstitution with pyridoxal phosphate. Table 1 . Amino acidcomposition ofirradiatedandunirradiatedglutamate decarboxylasefrom Clostridiumperfringens The enzyme sample was irradiated for 6h at pH 6.2, as described in the text. The control preparation was oxygenated in the dark. The amino acids were determined chromatographically on a Carlo Erba 3A27 amino acid analyser, after 22h hydrolysis in 6M-HCl at 110°C. Methionine, cysteic acid and tryptophan were determined as reported in the Experimental section. Aspartic acid and glutamic acid include both amide and free acid. In our experimental conditions several amino acid residues, namely histidine, methionine, cysteine and tryptophan, could undergo photodestruction sensitized by pyridoxal phosphate (Jori et al., 1969) , provided that they were situated sufficiently close to the sensitizer. Amino acid analyses and spectrophotofluorimetric studies on glutamate decarboxylase samples submitted to photo-oxidation for different times indicated that only histidine residues were destroyed by exposure to light, whereas loss of cysteine occurred both in the irradiated samples and in controls kept in the dark. This result is shown in (Cozzani & Bagnoli, 1971 , 1973 The loss of cysteine was investigated by Crystal Violet-sensitized photo-oxidation of the native, dark-oxygenated and irradiated enzyme: as previously shown (Jori et al., 1969) , this procedure yields a selective conversion of cysteine into cysteic acid, whereas cystine is unaffected. After treatment of stock enzyme solutions either with performic acid (Hirs, 1967) or by irradiation in the presence of Crystal Violet, we obtained the same number ofcysteic acid residues by amino acid analysis thus ruling out the presence of any disulphide bridge in the native enzyme molecule. On the other hand, no cysteic acid was detected on amino acid analysis of the dark-oxygenated or irradiated samples before Crystal Violet-sensitized photo-oxidation. However, after Crystal Violet-sensitized photo-oxidation, a loss of cysteic acid residues was observed in the irradiated and oxygenated glutamate decarboxylase compared with the untreated enzyme. As shown in Table 2 , this loss occurs within the first 30min both in the irradiated samples and in their oxygenated controls. In contrast, the kinetics of histidine photodestruction fairly well parallel that of inactivation of the irradiated samples. The involvement of cysteine oxidation in the photodestruction of histidine was confirmed by the following experiment.
A sample of glutamate decarboxylase was treated in 0.05M-sodium acetate buffer, pH6.2, with pchloromercuribenzoate at a molar ratio of 1:6, conditions providing complete but reversible inhibition of catalytic activity (Cozzani & Bagnoli, 1971 ). This sample and its control not treated with pchloromercuribenzoate were irradiated for 6h, then assayed for activity before and after dialysis against 10mM-cysteine in 0.05 M-sodium acetate buffer, pH 4.6 at 4°C. On dialysis the p-mercuribenzoatetreated enzyme recovered over 90% of its original activity, whereas the control, which lost about 75 % of its activity during the photo-oxidation process, was practically unaffected by the treatment with cysteine. Structural and kinetic properties of the native and irradiated enzyme Spectroscopic studies on glycogen phosphorylase (Shaltiel & Cortijo, 1970) provided evidence that the enzyme-bound pyridoxal phosphate is a sensitive built-in probe for the active site and its microenvironment. Therefore the absorbance and fluorescence properties of the bound pyridoxal phosphate were checked in irradiated samples of glutamate decarboxylase and in their controls. At pH6.2 pyridoxal phosphate is bound to glutamate decarboxylase mainly in a form that absorbs at 333nm, whose structure is not yet clarified, and only in minor proportion with a hydrogen-bonded aldimine linkage showing maximum absorbance at 410nm . As shown in Table 3 , there was no significant change in the light-absorption and emission parameters of glutamate decarboxylase as a consequence of irradiation.
Circular dichroism was used to detect any Table 3 . Fluorescence data for irradiated and unirradlated glutamate carboxylase from Clostridium perfringens The spectra were recorded by a Perkin-Elmer MPF 2A spectrophotofluorimeter, by using solutions ofabsorbance about 0.1 at the exciting wavelength. The data were corrected for the wavelength-dependent response of the excitation and detector systems. Fluorescence quantum yields were calculated by using L-tryptophan as a standard (Q = 0.13 on excitation at 290nm).
Treatment of the enzyme ... Unirradiated conformational alteration of the protein moiety of glutamate decarboxylase as a consequence of the photo-oxidation process. The pattern of dichroic bands from 200 to 310nm for glutamate decarboxylase at pH4.6 and 6.2 is reported in Fig. 2 . The two spectra are practically coincident except in the highly structured aromatic region around 295nm, where the small positive band disappears with increasing pH. The dichroic spectrum of the irradiated sample was superimposable with that of its unirradiated control at pH6.2. The elution profiles of irradiated samples and their controls passed through Sephadex G-100 and G-200 gel columns were also superimposable. However, chromatographic analysis on cellulose ion-exchanger allowed us to distinguish between the irradiated samples and their controls, either analysed separately, as in Fig. 3 , or as a mixture. By this procedure it was ascertained that the residual activity of enzyme samples submitted to prolonged irradiation is not due to the presence of corresponding amounts of unmodified enzyme.
The apparent homogeneity of the photo-oxidation product encouraged us to study thecatalyticproperties ofthe selectively modified enzymemolecule. The main kinetic parameters of an irradiated sample of glutamate decarboxylase and its control are reported in Fig. 4 . The Kw, for L-glutamate was determined by a sensitive spectrophotometric method allowing accurate measurements of reaction rates at low substrate concentrations (Cozzani, 1970 A (nm) A (nm) Fig. 2 . Circular-dichroism spectra of glutamate decarboxylase at pH4.6 (0-0), at pH6.2 (o--o), and of enzyme irradiatedfor 6h at pH6.2 ( *) The spectra were monitored at room temperature, at protein concentrations of 0.5 mg/ml in the far-u.v. range and of 1 mg/ml in the near 1-u.v. range. The data are expressed in terms of [6] , the mean residual molecular ellipticity, in units of degrees* cm2 * dmol-1. Ion-exchange chromatography of irradiated and unirradiatedglutamate decarboxylase Samples (5 mg) of purified glutamate decarboxylase from Cl. perfringens were either irradiated or oxygenated in the dark for 6h at pH6.2, as described in the text. After equilibration against 0.05 M-sodium acetate buffer, pH 5.0, the irradiated sample (@, A) and its control (o, A) were separately submitted to ion-exchange chromatography, on a Whatman DE 11 DEAE-cellulose column (1.6cmx 30cm), previously equilibrated with 0.05M-sodium acetate buffer, pH 5.0. The column was eluted with a linear gradient between 0.05M-and 0.5 M-sodium acetate buffer, pH 5.0, at 4°C, with a flow rate of 22ml/h. Fractions (2.25 ml) were collected and analysed for extinction at 280nm (0, 0) and for glutamate decarboxylase activity. The specific activities (A, A) of both protein peaks were then determined.
Discussion
The comparative analysis of glutamate decarboxylase inactivation and histidine photodestruction, both occurring at the same rate when the holoenzyme Vol. 141 . Lineweaver-Burkplotsofirradiatedandunirradiated glutamate decarboxylase The double-reciprocal plots were obtained with an enzyme sample irradiated for 6 h (A), and with the corresponding control oxygenated in the dark (o). By a spectrophotometric method previously described (Cozzani, 1970) , the initial reaction velocities (v) (,mol of y-aminobutyrate formed/min) were measured with 0.1-1.0mM-sodium L-glutamate concentrations.
is irradiated at pH6.2 and in the absence of other detectable modification of the structural properties of the enzyme molecule, strongly suggests that the selective photo-oxidation of this amino acid residue, sensitized by the coenzyme bound at the active site, is the event responsible for the fall of catalytic activity of glutamate decarboxylase from Cl. perfringens when irradiated with visible light. The loss of one cysteine residue per monomer, occurring faster than the destruction of histidine and observed also in the controls kept in the dark, cannot be attributed to photo-oxidation, but is probably due to spontaneous oxidation of thiol groups at pH values over 5.5, according to previous observations Cozzani & Bagnoli, 1971) . The oxidation of this thiol group could account both for the lower activity of the enzyme diluted at pH6.2 compared with that of the native enzyme stored at pH4.6, and for the initial lag observed in the rates of glutamate decarboxylase inactivation and histidine photodestruction. The product of this oxidation of the thiol group remains unidentified beyond the fact that it is not cysteic acid. Actually it was demonstrated that the oxidative processes by protein-bound sensitizers usually occur within a narrow spatial range and are critically dependent on the mutual orientations of the sensitizer and the photo-oxidizable side chains. Therefore it is conceivable that in the native glutamate decarboxylase the histidine residue is either too far from the pyridoxal phosphate or unfavourably oriented. The critical distance and spatial relationships required for photo-oxidation sensitized by the intrinsic chromophore could also explain the failure of the bound pyridoxal phosphate to sensitize the photo-oxidation of histidine at the active site of aspartate aminotransferase from pig heart (Burridge & Churchich, 1970) .
Anyway, the photo-oxidation ofhistidine sensitized by the pyridoxal phosphate bound to glutamate decarboxylase from Cl. perfringens appears to be a highly selective and localized event, as indicated by the invariance of all the spectroscopic parameters measured before and after irradiation. The difference reported above between dichroic spectra of the protein at different pH values, although unrelated with the photo-oxidation process, confirms the sensitivity ofthe spectroscopic investigations used. In conclusion the photodestroyed histidine residue appears to play a small part, if any, in maintaining enzyme structure but is important for catalytic function.
The involvement of the imidazole residue in reactions catalysed by pyridoxal phosphate enzymes was originally proposed by Bruice & Topping (1963) , and the catalytic role of histidine residues of pig heart aspartate aminotransferase was demonstrated by dye-sensitized photo-oxidation (MartinezCarrion et al., 1967) . However, no evidence of involvement of histidine in amino acid decarboxylation reactions was so far reported. Distinct mechanisms can be conceived to explain the catalytic role of this amino acid residue at the active site of glutamate decarboxylase from Cl. perfringens:
(1) it can provide a cationic site to bind one ionized carboxyl group ofthe substrate, or (2) it can contribute to the formation or stabilization of reaction intermediates, possibly by appropriate interaction with the cofactor. The invariance of the Km for L-glutamate
